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Fusarium head blight (FHB) is an important disease of wheat causing significant yield 
and quality losses globally. Breeding for host plant resistance is an economic approach to 
FHB control and management. The aim of this study was to identify potential sources of 
resistance from newly developed recombinant inbred lines (RILs) of wheat. A total of 778 
RILs were developed through a bi-parental mating design followed by continuous selfing 
and selection. The RILs along with their eight parental lines (Baviaans, Buffels, Duzi, #910, 
#936, #937, #942 and #1036) and FHB resistant check cultivar ‘Sumai 3’ and susceptible 
check ‘SST 806’ were field evaluated across four environments in South Africa. Fusarium 
graminearum isolates were artificially inoculated to initiate infection and disease develop-
ment. The percentage of wheat spikes showing FHB symptoms were scored. The research 
identified six percent of the RILs with disease resistance. Heritability for FHB resistance was 
the highest (64%) indicating the possibility of achieving higher selection gains for FHB 
resistance across the selected environments. The following five RILs were identified 
as potential sources of resistance: 681 (Buffels/1036-71), 134 (Duzi/910-8), 22 
(Baviaans/910-22), 717 (Baviaans/937-8) and 133 (Duzi/910-7) with mean FHB scores of 
6.8%, 7.8%, 9.5%, 9.8% and 10%, respectively. The selected lines expressed comparatively 
similar levels of resistance compared with that of Sumai 3. The identified RILs are useful 
genetic resources for resistance breeding against FHB disease of wheat. Since the presence 
of the F. graminearum is associated with deoxynivalenol (DON) accumulation, the DON 
levels amongst the selected lines should be determined to ensure the release of improved 
wheat cultivars with reduced levels of DON accumulation.
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Introduction
Fusarium head blight caused by a fungal pathogen Fusarium is a devastating disease of 
wheat, maize, rice, rye, triticale, oats, barley and some grasses globally. Though the dis-
ease is caused by several Fusarium species, F. graminearum is the most dominant patho-
genic fungi affecting wheat production, productivity and quality. The disease causes con-
siderable wheat yield and quality losses in all wheat growing regions in South Africa but 
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most notably on irrigated wheat. The Fusarium species are potent producers of mycotox-
ins including zearalenone (ZON) and type B trichothecenes, deoxynivalenol (DON) (or 
vomitoxin) and nivalenol (NIV) (Bottalico and Perrone 2002). Fusarium graminearum 
has been reported to cause serious type A trichothecene mycotoxins in North America 
(e.g. NX-2 and NX-3), that poses new additional health risks (Varga et al. 2015). These 
mycotoxins cause food contaminations toxic to both humans and animals (Zain 2012). 
The mycotoxins affect livestock feed, baking and milling quality of wheat and the malting 
and brewing qualities of barley (Boutigny et al. 2011). The pathogen occurs mainly under 
humid and sub-humid conditions (Goswami and Kistler 2004). It also prefers wet and 
warm weather conditions and worst epidemics can occur especially when these condi-
tions prevail during anthesis and maturity. 
Globally major FHB outbreaks have been observed since the initial discovery of the 
disease in England in 1884 (Goswami and Kistler 2004) resulting in monetary losses of 
billions of dollars (Lilleboe 2011). The necrotrophic F. graminearum has been an increas-
ingly challenging fungi with recent global epidemics reported in China, Canada, South 
America, United States and Europe (Goswami and Kistler 2004). Between 1993 and 
2001, the United States lost an estimated US$ 2.492 – 3.0 billion (Nganje et al. 2004; 
Schumann and D’Arcy 2006) to FHB. Together with chronic rot (another Fusarium 
symptom), FHB incurred $ 2.7 billion loss in northern Great Plains and central USA due 
to lost productivity and grain quality (Tunali et al. 2012). 
In sub-Saharan Africa, FHB outbreaks would incite detrimental economic and social 
effects given that wheat, barley and oats are staple cereals which are grown under low-
input production systems. Losses to FHB can reach above 50% in susceptible cultivars 
but yield loss can reach up to 100% under epidemic proportions (Yi et al. 2018). Given 
the exacerbating global warming, often accompanied by increased humidity levels and 
temperatures, recurrent epidemics of FHB are likely to occur (Shah et al. 2014). There-
fore, effective management and control of the disease is required in order to enhance 
productivity of wheat and for human wellbeing.
Use of FHB resistant germplasm is an important component in the integrated manage-
ment of the disease. However, breeding progress for FHB resistance has been hindered by 
the time and cost required and the complex inheritance of the disease to develop resistant 
lines. The International Centre for Maize and Wheat Improvement (CIMMYT) initiated 
research on FHB resistance breeding in the early 1980s and since then it created elite 
germplasm incorporating effective resistance genes (Osman et al. 2015). There is a need 
to develop regionally adapted cultivars that combine high and stable yield and quality 
performance with resistance to FHB and other common wheat diseases (Buerstmayr et al. 
2009). Five types of FHB resistance have been reported (Mesterházy et al. 1999). These 
include resistance to initial infection (Type I resistance); resistance to disease spread 
within infected heads (Type II), resistance to DON accumulation (Type III), resistance to 
kernel head damage (Type IV) and tolerance (Type V). Several wheat lines with quantita-
tive trait loci (QTLs) linked with FHB resistance were identified. These included Fron-
tana (Bai and Shaner 2004) possessing Type I resistance located on chromosome 5AS; 
Wangshuibai with Type I and Type II resistance on 3BS (Lin et al. 2006); Sumai 3 and its 
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derivatives with Type II resistance (Bai and Shaner 2004); CM-82036 (Sumai 3/Thorn-
bird) with Type I and Type II resistance (Buerstmayt et al. 2003, 2009; Wilde et al. 2007) 
and CIMMYT derived line Shanghai-3/Catbird (Lu et al. 2013). Type I and Type II resist-
ance confer a relatively durable FHB resistance (Anderson et al. 2001; Buerstmayr et al. 
2002, 2003, 2009; Mesterházy et al. 2007), and may reduce DON accumulation. How-
ever, Szabó-Hevér et al. (2014) reported that several QTLs conditioning FHB and Fusar-
ium Kernel Damage (FDK) resistance showed non-significant effect on DON content 
(Szabó-Hevér et al. 2014). The Chinese wheat cultivar ‘Sumai 3’ is known to have the 
most heritable and stable resistance across environments (Rudd et al. 2001). Sumai 3 is 
highly resistant and extensively used in both spring and winter wheat breeding programs 
globally (Niwa et al. 2014). Some genotypes reportedly had overproduction of DON al-
beit their high level of FHB resistance (Szabó-Hevér et al. 2014). This necessitates de-
tailed investigation on the correlation between FHB resistance and DON accumulation.
Availability of efficient screening methodologies, proper selection environment, 
source and type of resistance, and the nature of the pathogen and its virulence pattern are 
the main determinants of a resistance breeding program (Singh and Rajaram 2015). The 
most common screening technique to select genotypes with FHB resistance involves in-
oculation of test materials during the anthesis stage under conducive environmental con-
ditions. High temperatures (25 to 28 °C) and high relative humidity (>90%) are ideal 
conditions to initiate FHB infection and disease development (Rudd et al. 2001; Goswami 
and Kistler 2004). In an attempt to develop FHB resistant wheat cultivars, a pre-breeding 
research project was initiated at the Agricultural Research Council-Small Grain Institute 
(ARC-SGI) in South Africa in collaboration with global and regional wheat researchers. 
The program developed 778 new recombinant inbred lines (RILs) through designed 
crosses and continuous selfing and selection. The objective of this study was to assess the 
response of the newly developed recombinant inbred lines across representative growing 
environments and to select FHB resistant lines for effective breeding.
Materials and Methods
Plant materials and crosses
The genetic materials used in the trial are indicated in Table 1. The study used five new 
sources of FHB resistant wheat lines obtained from CIMMYT to recombine their genes 
into local and commercial cultivars. The source parental lines and their pedigrees are 
designated as follows: BCHA/MILAN, INIA CANURE/INIA TIJERETA (no. 36 of the 
9th SRSN) and INIACABURE/LAJ3153 (no. 37 of the 9th SRSN), KAKATSI and 
IVAN/6/SABUF/5/SCN/4/RABI/GS/CRA/3/AE.SQUARROSA (190). Hereafter, the 
five donor lines are referred to as #910; #936; #937; #942 and #1036, in that order. The 
lines were crossed with three South African spring wheat cultivars (Baviaans, Buffels and 
Duzi) known for their wide adaptation under local conditions, especially under irrigation 
where FHB is predominant. The source lines and local parent materials were crossed us-
ing a bi-parental mating scheme providing 14 populations except the cross of Buffels and 
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#936. From the 14 populations 778 RILs were developed through the single seed descent 
selection method. Progenies were continuously selfed and advanced to F6:7, providing 
homozygous RILs used in the present study. 
Study sites and field establishment
The 778 RILs, one resistant check cv. Sumai 3, one susceptible check cv. SST 806 and 
eight parental lines Baviaans, Buffels, Duzi, #910, #936, #937, #942 and #1036 were 
evaluated across four environments in South Africa. Briefly, the environments were as 
follows: Agricultural Research Council (ARC), Bethlehem Research Station situated in 
the Free State Province during 2014 and 2015 (hereafter denoted as Beth 2014 and Beth 
2015, in that order) and Cedara Research Station located in KwaZulu-Natal Province dur-
ing 2014 and 2015 (abbreviated as Ced 2014 and Ced 2015, respectively). These pro-
vided four testing environments and designated as Beth 2014; Beth 2015; Ced 2014 and 
Ced 2015. 
The test genotypes were planted in hill plots and grown under irrigation using an aug-
mented block design. At each environment, six blocks were established, and 130 RILs 
and eight parents were randomly assigned per block. After every 10 RILs, a resistant and 
susceptible check was planted. Fertilizers [3:2:1 (32) + 0.5% Zn; with N 160 g/kg; P 107 
g/kg; K 53 g/kg and Zn 5 g/kg, Sasol] were applied. Pre-emergent weeds were controlled 
using the herbicide Roundup (Pro® Concentrate, Monsanto), while post-emergent weeds 
were removed manually using hand hoes. Fields were irrigated immediately after plant-
ing and fortnightly afterwards. Daily average maximum temperatures during both grow-
ing seasons ranged between 24–27 °C and 15–26 °C at Cedara and Bethlehem, respec-
tively. The minimum temperatures between 12–16 °C and 0–12 °C were recorded across 
the testing areas, in that order. Average humidity for the growing seasons at Bethlehem 
and Cedara ranged between 17–90% and 74–94%, respectively.
Table 1. Number of RILs of wheat developed in each population for the study
Cross No. of RILs developeda Cross No. of RILs developeda
Baviaans/#910 70 Buffels/#942  30
Baviaans/#936 12 Buffels/#1036 100
Baviaans/#937 66 Duzi/#910  50
Baviaans/#942 67 Duzi/#936  82
Baviaans/#1036 56 Duzi/#937  56
Buffels/#910 33 Duzi/#942  72
Buffels/#937 43 Duzi/#1036  41
Total 778
aRILs = Recombinant inbred lines.
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Inoculum preparation and inoculation
Five isolates of F. graminearum (F7.3, N22D, B7.3, F1.01 and B3.8) were used for the 
study. Isolates were obtained from the plant protection laboratory of the ARC-SGI. Iso-
lates were originally collected from wheat fields situated at Prieska area, in the Northern 
Cape Province of South Africa. The isolates were selected for their known high virulence 
and spore production. These isolates were grown on Potato Dextrose Agar (PDA) for 
14–21 days and liquid inoculum was prepared following the method described by Dill-
Macky (2003) with slight modification, where Mung-bean agar was used as a substrate to 
grow the cultures. Upon production of fresh sufficient spores, aliquots of the liquid in-
oculum were prepared and kept at –4 °C prior to inoculations. The inoculum from various 
F. graminearum isolates was mixed prior to field inoculations. Inoculum, with a standard-
ized spore count of 1×105 macroconidia ml–1, was applied to the spikes at the onset of 
anthesis using a pressurized 16 L capacity Kaufmann knapsack sprayer (Kaufmann, 
Kaufumann), allowing for individual inoculation of plots. Inoculated spikes were kept 
under humid conditions by covering the inoculated plants with a plastic bag overnight to 
ensure optimum infection and disease development. A second inoculation was applied 
two days after initial inoculation to minimize disease escape and to facilitate infection. 
Colonized grain inoculation method was carried out at the Cedara site. The site has sig-
nificantly higher humidity level, allowing infection and disease development. Fuentes et 
al. (2005) suggested that both the colonized-grain and conidial-spray inoculation methods 
provided disease levels that are appropriate to differentiate resistant and susceptible cul-
tivars. Briefly, dried maize (Zea mays L.) kernels prepared in the form of samp were au-
toclaved twice over two days and subsequently inoculated with F. graminearum follow-
ing the Dill-Macky (2003) protocol. Fusarium graminearum colonized grain was incu-
bated at 30 °C for approximately 3–4 weeks to promote infection. The infected grain was 
then dried and stored at room temperature prior to use. The Cedara field was inoculated 
uniformly by spreading the F. graminearum colonized grains on the soil surface approxi-
mately 6 weeks post planting. 
Data collection and analysis
The response of sampled wheat lines against FHB were evaluated using a rating scale 
suggested by Engle et al. (2003) 28 days post inoculation. FHB severity (0 to 100%) was 
recorded as the proportion of the heads showing FHB symptoms per RIL. FHB severity 
was associated with additional symptoms including pink to salmon-orange spore mass 
production on the infected spikelets and the dark brown or purple discoloration on the 
stem immediately below the head. To facilitate disease rating, resistant and susceptible 
checks were planted after every 10–12 RILs in the field. Four of the 778 RILs failed to 
germinate across all the four environments and therefore data was collected from 774 
RILs. Weather conditions were recorded for the four environments during the study pe-
riod (Table S1*). 
*Further details about the Electronic Supplementary Material (ESM) can be found at the end of the article.
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Disease severity data was subjected to analysis of variance (ANOVA) using the gen-
eral linear model of the augmented design procedure (PROC GLM) in SAS (version 9.1; 
SAS Institute In., Cary NC), with genotype and environment being random factors. Mean 
comparisons were performed using the least significant difference (LSD) test procedure 
at 5% level of significance. Maximum, minimum, range, coefficient of variation (CV) 
expressed in percent (%) were calculated on disease severity. Correlation analysis was 
performed and Pearson’s correlation coefficients calculated to describe the association of 
disease severity among the four environments. Variance components (genotype and gen-
otype-environment interactions) were used to estimate the broad-sense heritability and to 
explain the total proportion of the phenotypic variance that is attributable to the genetic 
variance based on diseases severity.
The broad sense heritability estimate was calculated using the following formula: 
h2B = 1 – MSge/MSg, where h2B = heritability in the broad sense; MSge = Mean Square of 
genotype environment interaction; MSg = Mean square of genotype.
Results
Analysis of variance of FHB severity 
Two separate analysis of variance were conducted and shown in Table 2. The first in-
volved the RILs across the four testing environments, and the second considered the 10 
check entries (8 parents, 1 susceptible and 1 resistant entries) only. This allowed analysis 
of the unreplicated RILs within the environment (Federer 1961). Both analyses revealed 
the presence of highly significant (P < 0.01) effect of genotypes, environment (E) and 
genotype by environment interaction (G × E) on FHB severity implying differential per-
formance of genotypes across environments. There existed significant differences among 
checks (P < 0.001) across the four environments. Heritability for FHB resistance value 
Table 2. Analysis of variance of FHB severity involving 774 RILs, eight parents and two check wheat lines 
evaluated across four testing environments
Source of variation df Mean Square F value
RILs
Genotypes 773 1061.00 2.78**
Environments 3 237923.00 622.55**
Genotypes × environments 1850 382.20 8.82**
Checks
Genotypes 9 4272.82 98.67**
Error 81 43.31
Var (checks) = 1875.97
Var (checks × environments) = 57.27
Var (environments) = 29.21 Var (error) = 236.95
CV (%) = 24.77; LSD (5%) = 3.46; ***P < 0.001; **P < 0.01; *P < 0.05 df degrees of freedom.
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was 64%, indicating the possibility of achieving high selection gains in the tested popula-
tion and environments. The coefficient of variation was 24.77%, suggesting considerable 
variation of the test lines for FHB disease reaction.
Field response of RILs, parents and checks for FHB resistance 
Results suggested differential responses of test genotypes for FHB severity (Table 3; 
Table 4). About 6% of RILs had a FHB severity score of less than 20%. FHB severity 
score of < 20% is regarded as a relatively resistant reaction type. The FHB reaction of the 
resistant check varied from 1% to 15% across the four environments, therefore, some of 
the newly developed RILs possessed comparatively higher levels of FHB resistance, 
which were selected for breeding. 
The mean FHB readings at Bethlehem were at 13.23% and 13.56% in 2014 and 2015, 
respectively (Table 3). This was a relatively low rating compared to that of Cedara that 
provided mean scores of 32.25% and 31.61% during 2014 and 2015, in that order. Ap-
proximately 10% of the RILs (75) were selected as the best performers showing the least 
FHB severity scores. Table 3 presented the field response of the 10% best performing 
RILs, parents and checks across the four testing environments. FHB severity scores of the 
RILs showed marked variation across all testing sites. FHB severity scores of the selected 
RILs varied from 6.75% to 43.25% with a mean of 46.65%.
The following five RILs: (Buffels/1036-71), 134 (Duzi/910-8), 22 (Baviaans/910-22), 
717 (Baviaans/937-8) and 133 (Duzi/910-7) had FHB severity scores of ≤10% across the 
four environments (Table 3). The resistant check, Sumai 3, had mean FHB severity scores 
of 5.96%, 5.46%, 10.43% and 8.28% at Beth 2014, Beth 2015, Ced 2014 and Ced 2015, 
respectively. Therefore, the five candidate RILs had relatively good level of FHB resist-
ance compared to the check. These lines are valuable genetic resources for further breed-
ing or large-scale production under FHB prone environments in South Africa or related 
agro-ecologies. The lowest FHB scoring environments were Beth 2014 and Beth 2015 for 
both the elite lines as well as the resistant checks, while infection levels at Cedara were 
relatively higher. The Cedara site is a hotspot area of various plant diseases in South Af-
rica. A recent study revealed a much higher disease pressure of leaf rust in Cedara, com-
pared to other testing sites across the country (Figlan et al. 2017). 
The parental lines showed significant variability for FHB reaction across the testing 
sites. The parents, #1036, #937 and #910 had the lowest FHB scores with mean FHB 
reading of 17.8%, 30.2% and 35.8%, respectively (Table 3). The parents, #936 and #942 
had mean FHB scores of 44.1% and 61.3%, respectively. As expected, South African 
wheat cultivars Baviaans, Buffels and Duzi, had relatively high mean severity scores of 
44.83%, 51.4% and 55.7%, respectively (Table 3). 
Some 29 RILs that were relatively FHB resistant in this study had the donor parent 
#910 in their parentage. Whereas, 26 RILs had the donor parent #1036, and 10 RILs had 
the parent #937 in their pedigree. About 8% and 5% of the resistant RILs had donor par-
ents #942 and #936, respectively. The significant occurrence of the donor parents #910, 
#1036 and #937 in the pedigree of the promising RILs selected in this study highlights 
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Table 3. Field severity (%) of FHB of the best 10% selected RILs and eight parents and two checks of bread 
wheat genotypes evaluated across four testing environments in South Africa
Line RIL
Beth Ced
Mean
2014 2015 2014 2015
 22 Bav/910-22  8.00  8.00 10.00 12.00  9.50
 27 Bav/910-27  2.00 11.00 55.00 35.00 25.75
 43 Bav/910-43  4.00 13.00 23.00 28.00 17.00
 47 Bav/910-47 10.00 15.00 60.00 60.00 36.25
 59 Bav/910-59  6.00 15.00 18.00 62.00 25.25
 60 Bav/910-60  5.00 16.00 26.00 35.00 20.50
 76 Bav/1036-6  8.00  2.00 59.00  8.00 19.25
 89 Bav/1036-19 12.00  7.00 49.00 59.00 31.75
 97 Bav/1036-27 12.00 12.00 23.00  1.00 12.00
100 Bav/1036-30 17.00 20.00 60.00 71.00 42.00
114 Bav/1036-44 25.00 18.00 60.00 70.00 43.25
127 Duzi/910-1  6.00  7.00 10.00 28.00 12.75
128 Duzi/910-2 10.00 20.00 10.00 20.00 15.00
129 Duzi/910-3 30.00 22.00 22.00 20.00 23.50
130 Duzi/910-4  6.00  5.00 60.00 50.00 30.25
133 Duzi/910-7  2.00  5.00 15.00 18.00 10.00
134 Duzi/910-8  5.00  5.00 10.00 11.00  7.75
135 Duzi/910-9  7.00 12.00 34.00 38.00 22.75
137 Duzi/910-11 28.00 10.00 20.00 12.00 17.50
138 Duzi/910-12 20.00 30.00 28.00 32.00 27.50
144 Duzi/910-18  2.00  8.00 50.00 68.00 32.00
150 Duzi/910-24  5.00  5.00 19.00 15.00 11.00
154 Duzi/910-28  7.00 15.00 28.00 32.00 20.50
161 Duzi/910-35 12.00 28.00 15.00 25.00 20.00
163 Duzi/910-37  6.00 15.00 8.00 15.00 11.00
164 Duzi/910-38 12.00 17.00 48.00 52.00 32.25
165 Duzi/910-40  3.00  4.00 19.00 20.00 11.50
167 Duzi/910-41  9.00 35.00 15.00 30.00 22.25
169 Duzi/910-43 18.00 11.00 15.00 18.00 15.50
170 Duzi/910-44 23.00  5.00 60.00 52.00 35.00
175 Duzi/910-49 12.00 18.00 19.00 20.00 17.25
210 Duzi/936-22 10.00  5.00 35.00 39.00 22.25
212 Duzi/936-24  3.00 12.00 60.00 69.00 36.00
240 Duzi/936-52  6.00  5.00 35.00 28.00 18.50
268 Duzi/936-80 19.00 10.00 38.00 35.00 25.50
275 Bav/942-6 23.00 21.00 30.00 40.00 28.50
277 Bav/942-8 15.00  6.00 40.00 42.00 25.75
285 Bav/942-16  6.00  5.00 40.00 40.00 22.75
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Table 3 (cont.)
Line RIL
Beth Ced
Mean
2014 2015 2014 2015
295 Bav/942-26  6.00 10.00 60.00 40.00 29.00
304 Bav/942-35  3.00 10.00 39.00 35.00 21.75
327 Bav/942-58 20.00 15.00 50.00 45.00 32.50
394 Duzi/1036-3 18.00 13.00 12.00 18.00 15.25
398 Duzi/1036-7  6.00 15.00 20.00 35.00 19.00
403 Duzi/1036-12  6.00 10.00 37.00  1.00 13.50
407 Duzi/1036-16 25.00 27.00 15.00 16.00 20.75
409 Duzi/1036-18 10.00 15.00 35.00 15.00 18.75
410 Duzi/1036-19 25.00  8.00 40.00 35.00 27.00
414 Duzi/1036-23 16.00  5.00 40.00 41.00 25.50
424 Duzi/1036-33 35.00  3.00 18.00 19.00 18.75
437 Buff/1036-5 11.00 10.00 48.00 45.00 28.50
439 Buff/1036-7 13.00  5.00 58.00 12.00 22.00
451 Buff/1036-19  2.00  5.00 50.00 55.00 28.00
455 Buff/1036-23 30.00 18.00 20.00  8.00 19.00
476 Buff/1036-44 18.00 10.00 30.00 30.00 22.00
479 Buff/1036-47 21.00 16.00 23.00 68.00 32.00
487 Buff/1036-55 10.00 25.00 32.00 30.00 24.25
492 Buff/1036-60  8.00 18.00 19.00  7.00 13.00
499 Buff/1036-67 30.00 35.00 30.00 35.00 32.50
511 Buff/937-12 25.00 18.00 55.00 60.00 39.50
519 Buff/937-20 25.00 20.00 45.00 19.00 27.25
521 Buff/937-22 17.00 12.00 25.00 37.00 22.75
533 Buff/937-34 23.00 18.00 26.00 25.00 17.25
652 Buff/910-8  9.00 11.00 58.00 41.00 29.75
653 Buff/910-9 24.00 32.00 30.00 33.00 29.75
654 Buff/910-10  5.00  5.00 32.00 35.00 19.25
678 Buff/1036-68 18.00 18.00 48.00 41.00 31.25
681 Buff/1036-71  4.00 10.00 12.00  1.00  6.75
694 Buff/1036-84 10.00 17.00 15.00 50.00 23.00
700 Buff/1036-90 12.00 15.00 32.00 10.00 17.25
717 Bav/937-8  5.00  9.00 10.00 15.00  9.75
722 Bav/937-13 28.00 15.00 26.00 27.00 24.00
730 Bav/937-21 12.00 10.00 15.00 20.00 14.25
731 Bav/937-22 15.00 13.00 35.00 28.00 22.75
733 Bav/937-24 14.00 15.00 33.00 10.00 18.00
736 Bav/937-27 19.00 27.00 20.00 19.00 16.50
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their genetic worthiness for FHB resistance breeding in wheat. The susceptible check 
‘SST 806’ had mean FHB scores of 68.84%, 65.38%, 80.38% and 84.11% at Beth 2014, 
Beth 2015, Ced 2014 and Ced 2015, respectively. The following RILs had high FHB 
scores: 106 (Baviaans/1036-36), 367 (Duzi/937-32), 432 (Duzi/1036-41), 221 (Duzi/936-
33) and 224 (Duzi/936-36) with mean scores of 95%, 90%, 90%, 89% and 88.3%, respec-
tively. These ratings were comparable to the susceptible check (Table 3). 
Correlation of FHB severity across testing environments 
There were significant correlations (P < 0.01) of FHB severity scores of genotypes 
across the four testing environments (Table 4). Beth 2014 and Beth 2015 had signifi-
cantly higher correlation coefficient of 0.579 followed by Ced 2014 and Ced 2015 with 
a correlation coefficient of 0.294. Therefore, a relatively similar pattern of FHB respons-
es was noted on testing the genotypes across the four environments. Correlations of FHB 
severity between the Bethlehem and Cedara sites were relatively low but positive and 
significant. This was evident from the correlation coefficients recorded using 774 RILs 
across four testing environments. Variance due to the environments was relatively low 
(29.21) (Table 2). Sumai 3 had consistently low mean value (7.53) and low variance 
(37.08) for disease severity across the test environments (Table 3). The Cedara site had 
higher humidity levels (Table S1). As such, development of FHB was highly favored in 
this site when compared to the Bethlehem site. In addition, experimental trials at Cedara 
were inoculated with colonized samp kernels which resulted in a reliable disease infec-
tion. The Bethlehem site was sprayed with inoculum that had a standardized spore count 
of 1×105 macroconidia ml–1. Fields inoculated with the same procedure may show a 
stronger correlation than with the different inoculation methods. However, both inocula-
tion methods provided disease levels that were appropriate to differentiate between re-
sistant and susceptible genotypes. The stronger correlation values among testing envi-
ronments signaled the repeatability of severity scores to reliably differentiate test geno-
types. As expected, Cedara proved to be the best environment for FHB screening. This 
site has suitable environmental conditions conducive for initial infection and high dis-
ease development and consequently high levels of infection pressure for accurate selec-
tion of promising RILs. 
Table 4. Pearson’s correlation coefficients showing associations  
of the four testing environments for FHB severity 
Testing sites Beth 2014 Beth 2015 Ced 2014
Beth 2015 0.579**
Ced 2014 0.189** 0.233**
Ced 2015 0.184** 0.193** 0.294**
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Discussion
The occurrence of mycotoxins, especially DON, ZON and NIV (Bottalico and Perrone 
2002) is a threat to global food security, trade and wheat production (Misihairabgwi et al. 
2017; Palacios et al. 2017a). The European Union and several other countries have insti-
tuted laws to govern different levels of mycotoxins (Shephard et al. 2009; Gelderblom et 
al. 2014; SAGL 2018). This research identified huge variability in terms of FHB resist-
ance in the selected wheat genotypes. Spanic et al. (2013) and Palacious et al. (2017b) 
also reported considerable genetic diversity among wheat lines in Croatia and Argentina, 
respectively. Environmental effects play a significant role in the infection process and 
disease development and ultimate response of wheat genotypes to FHB. Significant G × E 
interactions also suggest that response to FHB was also a component of the environmen-
tal effect. The FHB severity reaction of genotypes varied across the test environments 
given the variability in environmental conditions or differences in the aggressiveness of 
isolates. This was the observed trends across studied experimental sites with alternating 
wet and warmer environments of South Africa (Goswami and Kistler 2004; Figlan et al. 
2017). Cedara site had higher temperatures and humidity conditions (Table S1) compared 
to the Bethlehem site. These conditions favoured high levels of FHB development for 
efficient selection of wheat genotypes with variable levels of FHB response. These find-
ings concurred with Osman et al. (2015) who also reported that resistance/ susceptibility 
is environmentally-dependent variables in FHB disease epiphytotics. 
To identify promising FHB resistant genotypes successfully, effective phenotyping 
protocols and testing conditions are crucial (Osman et al. 2015). Populations that segre-
gate for certain traits will often exhibit phenotypes that are on the extreme ends of the 
scale relative to parental lines (Rieseberg et al. 2003). This genetic phenomenon is re-
ferred to as transgressive segregation. Individuals with novel phenotypes better than the 
parents are often selected due to transgressive segregation for economic traits. Therefore, 
the RILs selected with FHB resistance or susceptibility comparatively better or worse 
than their respective donor parents are subject to transgressive segregation. The seg-
regants in this population have been stabilized through continuous selection and selfing. 
In addition, these lines may possess additive or dominance genes contributing to the high 
FHB resistance which is the subject of future investigation. Overall, the best performing 
RILs were derivatives of the best performing parents such as #1036, #937 and #910 reit-
erating their genetic value for breeding.
The global Fusarium Head Blight Screening Nursery (FHBSN) {previously known as 
Scab Resistance Screening Nursery [SRSN] (Bekele et al. 1988)} was established in 1985 
at CIMMYT, Mexico and has since released several FHB resistant candidate wheat lines 
after strict field screening (He et al. 2013). This strategy has provided for identification of 
new resistant sources with novel resistance. Similarly, the results from this study allowed 
for identification of new FHB resistant genetic stocks after successful gene introgression 
into the South African wheat gene pool. The five best performing genotypes developed in 
this study are valuable for FHB resistance breeding programs or for the wheat industry in 
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South Africa or similar agro-ecologies. There is limited study that reported successful 
selection or breeding for FHB resistance in South Africa.
The results of this study indicated the presence of considerable level of variation 
among the tested RILs for FHB resistance. Only 2% of the RILs had FHB scores greater 
than the susceptible check, while 60% of the lines scored <50% FHB severity. The pre-
sent study selected five best RILs including 681 (Buffels/1036-71), 134 (Duzi/910-8), 22 
(Baviaans/910-22), 717 (Baviaans/937-8) and 133 (Duzi/910-7) with mean FHB scores 
of 6.8%, 7.8%, 9.5%, 9.8% and 10%, respectively. The five RILs performed well com-
pared with the resistant check Sumai 3 which had a mean FHB score of 7.53%. The test-
ing environment providing high level of FHB infection and development with the higher 
potential for FHB screening is the Cedara site, attributable to high humidity levels and 
temperatures compared to the Bethlehem site. The selected promising lines need further 
phenotyping for important agro-morphological traits and other biotic and abiotic stress 
tolerance. Furthermore, the selected RILs need to be genotyped to pinpoint the novel 
major genes or quantitative trait loci (QTL) conditioning FHB resistance for the develop-
ment and deployment of elite lines with enhanced productivity. The research utilized re-
sistant materials from the international breeding materials (CIMMYT) which has known 
resistance (Types I, II) levels. The observed resistance in the present study indicates the 
potential of developing FHB resistant cultivars for both South African niche market and 
other areas with similar environments. The report documents some of the results of re-
search initiatives in South Africa aimed at improving FHB resistance in local wheat germ-
plasm. This is one of the examples that through collaborations and use of international 
research platforms such as FHBSN of CIMMYT, much progress can be made in develop-
ing countries when over-coming the reproducibility of FHB resistance, which requires 
multiple environment testing. 
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